Pharmacogenomic studies emphasize the use of genomic information to enhance success in finding new medicines and also to improve those that are already used in clinics. Therefore, this field has a special interest in knowing how patients metabolize drugs depending on their genetic background. Most of the studies so far have focused on the impact of single genetic differences on drug metabolism. However, this may be only the tip of the iceberg in terms of how interpatient variability can influence the response to drugs. For example, control of gene expression by microRNAs (miRNAs) and alternative splicing are cellular mechanisms that have an effect on proteome diversity and have already been implicated in complex diseases such as cancer, arthritis and others. Changes in the sequence of a miRNA and/or variations in the miRNA target region of a transcript can have a major impact on post-transcriptional regulation. Events of alternative splicing can occur in more than half of the human genes, thereby changing the sequence of key proteins related to drug resistance, activation and metabolism. Furthermore, alternative splicing and miRNAs can work together to differentially control genes. This perspective article will highlight recent exciting discoveries in pharmacogenomics and also discuss how players such as miRNAs and alternative splicing may affect the way we design and apply future therapies.
Introduction
The improvement of patient treatment is always a concern for modern medicine. One aspect that can influence the effectiveness of therapies in patients during drug-based treatment is the genetic background. One of the major challenges for proper drug development by companies is the difference in response between individuals and between populations. The idea that genetic variability between patients might influence response to drugs was described and termed 'pharmacogenetics' by Vogel. 1 Pharmacogenetics became a field of importance for scientists and physicians in the early 1950s, when available technologies were able to measure enzyme activity, drug metabolites and drug response (for a timeline review of the pharmacogenetic history see 2 ) . Since then, the number of cases described in the literature has increased exponentially and they were mainly focused on single-nucleotide polymorphism (SNP), insertions and deletions (indels) of nucleotides, copy number variation (CNV) and missense mutations (for review see Roses 3 and Giacomini et al. 4 ). The most studied gene family so far is the cytochrome P450 enzyme [5] [6] [7] (for more details see Table 2 ). The genetic variability observed in this gene family has been associated with differences in drug metabolism in several pathologies, such as cancer, cardiovascular diseases and rheumatoid arthritis. [5] [6] [7] [8] There is one SNP in CYP2C9 that causes an amino acid change that modify the ability of the enzyme to metabolize the anticoagulant warfarin. 9 This genetic variation has important implications in the dose a patient will receive of warfarin depending on the genetic background of the individual. Another gene that metabolizes warfarin is the vitamin K epoxide reductase complex 1 (VKORC1). The allele variations in VKORC1 strongly alter warfarin dosage when compared with CYP2C9 genetic variant: almost three times. 9, 10 The main goal of the emerging discipline of pharmacogenomics is to use personalized therapy based on an individual's genotype. This term has evolved from the older pharmacogenetics, which was focused on studying inherited differences in a single gene responsible for drug metabolism and response. The emergence of the term pharmacogenomics was possible after the availability of the human haplotype map (HapMap) 11 and of highthroughput genotyping platforms that have been facilitating more systematic genetic screens for new and clinically important drug targets. 12 As already discussed by Bertino et al., 13 our understanding of an individual's genetic background will provide knowledge to predict the host response to specific drugs.
New players in pharmacogenomics
The elucidation of the sequence of the human genome in 2001 14, 15 and the subsequent release of other versions are allowing a better understanding of structural variations and how they can affect diseases. 16 Recently, the identification and analysis of functional elements in 1% of the human genome by the ENCODE Project represented a major step towards a more comprehensive characterization of all functional elements in the human genome. The ENCODE project -standing for ENCyclopedia Of DNA Elements -has set out to identify all the functional elements in the human genome. 17 It is becoming clear that the definition of 'gene' is changing and noncoding transcripts (also referred as to noncoding RNAs) are an important component of the information that is being transcribed by eukaryotic cells (for review see [18] [19] [20] ). Noncoding RNAs (ncRNAs) are transcripts that do not have protein-coding potential but might be still functional. 18 ncRNAs are a large group of transcripts that can differ in size which is indicative of their mechanism of action. 18 These ncRNAs can vary in size range from B18 to 25 nucleotides for the families of microRNAs (miRNAs) and small interfering RNAs (siRNAs), B20 to 300 nucleotides for small RNAs commonly found as transcriptional and translational regulators or up to and beyond 10 000 nucleotides in length for RNAs involved in various other processes (for review see [18] [19] [20] ). miRNAs can block mRNA translation and affect both the expression of protein-coding genes 21 and long ncRNAs. 22 A growing number of reports have been showing that miRNAs are master regulators of important gene networks in eukaryotic cells. 23 Associations of deregulated expression of miRNAs in complex diseases have been also described (for review see Gartel and Kandel 24 ). miRNAs have been considered as attractive drug targets in complex diseases such as cancer as they may be differentially expressed in malignant cells compared to normal cells altering the regulation of expression of many important genes.
Another molecular mechanism that produces gene expression diversity is alternative splicing of pre-mRNAs. During the maturation of an mRNA, exons can be spliced out, intronic sequences can be retained and cryptic splice sites can be used to form more than one mRNA from a single gene. The rate of alternative splicing of mRNAs has been the focus of different studies and it seems that more than 60% of the human genes produce at least one alternative mRNA. 25 The functional implication of alternative splicing in normal and pathological states has been studied by several groups, 26, 27 but there are still many questions to be answered. Future studies will be focused on the functional relevance of splice variants in the context of whole genome studies, instead of a single gene to understand how they will affect cellular networks and pathways.
Recently, reports have shown that changes in the sequence of miRNAs and/or variations of the miRNA target region within the transcripts can have major effects on post-transcriptional regulation. 28, 29 More importantly, genetic variations such as SNPs can affect the way miRNAs regulate their targets, indicating that this could be important in drug metabolism and in phenotypic variation. 30 In the same way that miRNA can regulate protein translation, alternative splicing can have several implications which can affect the biological activity of proteins (for example enzymes, antagonist proteins, and so on). For example, splice variants of the human BCL2L1 gene (also known as BCL-X) switches an antiapoptotic protein to a proapoptotic one. 31 Thus, alternative splicing differences can have a major impact on drug metabolism and therefore resistance.
This article is aimed at describing new discoveries in the field of pharmacogenomics as well as discuss how players such as miRNAs and alternative splicing may affect the way we design and apply future therapies into the clinic.
microRNAs
Biology of microRNAs miRNAs are part of a group of ncRNAs that can block mRNA translation and affect mRNA stability but there are several questions still to be answered in the biology of miRNAs (for review see Eulalio et al. 32 ). miRNAs are generally 18-25 nt long and were first described in the early 1990s in the worm Caenorhabditis elegans as regulators of development and differentiation. 33 It is estimated that the human genome has thousands of miRNA genes, but only B700 have been described so far. This class of non-coding genes is predicted to regulate at least 30% of all the human protein-coding genes by targeting their 3 0 -UTR sequences. 34 There is also evidence that miRNAs can regulate the expression of large ncRNAs, indicating that these small genes have a big impact in transcriptome networks in eukaryotic cells. 22 Several groups studying the biology of miRNAs have been able to describe each step in the processing and mechanism of action of these regulators. It is already known that they are initially transcribed as pri-miRNAs which can be processed into premiRNAs and subsequently into mature miRNAs. Mature miRNAs have the ability to affect the translational efficiency of various protein-coding genes at the same time. In the past 5 years, there have been several reports implicating miRNAs in posttranscriptional regulation of proteins with diverse roles (for review see Filipowicz et al. 35 ). Evidence based on computational studies has already revealed that there is a 'seed' region of B8 nt at the 5 0 -end of miRNAs that is essential to miRNA function. 36 This region is important for binding to the mRNA targets and for mRNA target degradation. One of the concepts in the biology of miRNAs that is of particular therapeutic relevance is that one miRNA can downregulate multiple target proteins by interacting with different target mRNAs ('one hit multiple targets' concept). 37 The hypothesis of using the 'one-hitmultiple targets' concept to treat diseases was previously discussed by Wurdinger and Costa. and schizophrenia 40 has also been described in the literature and the list of examples is growing fast. Some lines of evidence have already shown that up or downregulation of miRNAs correlate with numerous human cancers indicating that miRNAs can function as oncogenes and/or tumor suppressors (for review see Garzonet et al. 41 ). In cancer, miRNAs are associated with the tumorigenesis process 42 and with important cancer gene networks such as the p53 pathway. 43 In addition, they have also been implicated in the metastatic process in breast cancer. 44, 45 miRNA expression profiles were also evaluated by several groups 46, 47 and they have been used for prognosis and early diagnosis showing how important these players are in different aspects of complex diseases. More recently, some reports have been showing that miRNA deregulated expression in diseases can be due to epigenetic changes such as DNA methylation and histone modifications. 48, 49 microRNA variations and the impact in pharmacogenomics SNPs are frequent variations in the human genome and estimates suggest that they can have a frequency of one in every thousand base pairs. 11 SNPs have been extensively studied in order to understand the susceptibility to specific diseases in the general population. Initially, SNP association studies were focused in protein-coding genes. Several polymorphisms in coding regions, or the so-called nonsynonymous SNPs of genes associated to complex diseases such as cancer, were previously identified. 50 Recently, there has been an explosion of whole-genome association studies aiming at identifying association markers that can predict diseases based on the HapMap. [51] [52] [53] One of the aims of the HapMap Project is to generate a haplotype map of the human genome, which describes the common patterns of human genetic variation. HapMap is expected to be a key resource for researchers to find genetic variants affecting health, disease and responses to drugs and environmental factors. It is becoming clear that understanding multigenic diseases will require complex association studies to evaluate patient risk to specific pathologies. As drug metabolism can involve a group of genes, we believe that the determination of how patients react to and metabolize drugs might be focused on master regulators of gene expression, such as miRNAs. In that regard, reports have recently shown that changes in the sequence of a miRNA and/or variations in the target region of a transcript that is regulated by a miRNA can have major effects in posttranscriptional regulation of proteins. 28 More importantly, variations of sequence such as SNPs can affect the way miRNAs regulate their targets, pointing to a function in drug metabolism and in phenotypic variation. 30 For example, two groups have evaluated the presence of SNPs located in miRNA-binding sites of the 3 0 UTR of several genes and SNPs in the micro-RNA seed regions by genome-wide analyses. 54, 55 Yu et al. 54 were able to identify twelve miRNA binding SNPs that display an aberrant allele frequency in human cancers. Moreover, Saunders et al. 55 were able to identify approximately 250 SNPs that create novel target sites for miRNAs in humans and may result in phenotypic differences. Similar studies have evaluated genetic variants in miRNAs and the risk of cancer. Wu et al.
56 studied 100 human tumor tissues and 20 cancer cell lines and have identified a mutation in miRNA let-7e that causes a significant reduction of its expression in vivo contributing to tumorigenesis. A similar study by Yang et al. 57 has genotyped several SNPs from miRNA genes in 746 matched normal and bladder cancer tissues and discovered that SNPs in GEMIN3 gene can affect miRNA binding, thereby significantly increasing bladder cancer risk.
Polymorphisms in miRNA target sites of protein-coding genes that are associated to cancer, [58] [59] [60] hypertension, 61 asthma, 62 cardiovascular disease 63 and polymorphisms in microRNAs that are associated with schizophrenia 40 were also described.
Mishra et al. 64 were able to show that a SNP located near the miR-24 binding site in the dihydrofolate reductase (DHFR) gene 3 0 UTR results in a lossof-function mutation. Furthermore, the SNP affects DHFR expression by interfering with miR-24 post-translational regulation, resulting in DHFR over-expression and methotrexate resistance in cancer cells. 64 MicroRNA miR-24 was already implicated in the regulation of important proteins such as the p16 tumor suppressor gene, 65 ALK4 gene that is involved in erytropoiesis 66 and TGFbeta gene that has a function in skeletal muscle differentiation. 67 Sethupathy et al. 61 have shown that SNPs in miR-155 target sites located in the 3 0 UTR of the human angiotensin type 1 receptor (AGTR1) gene downregulates the expression of the allele that has been associated with hypertension. In another study, Tan et al. 62 were able to identify a SNP in the 3 0 UTR of HLA-G that influences the targeting of three miRNAs (miR-148a, miR-148b and miR-152) to this gene. The authors suggest that allele-specific targeting of these miRNAs can account at least in part for the observations that HLA-G is associated with asthma. 62 In cardiovascular disease, Martin et al. 63 reported an association of the human angiotensin II type 1 receptor polymorphism and miR-155. Finally, Hansen et al. 40 identified important associations between brain-expressed miRNAs and schizophrenia for two SNPs located in mir-206 and mir-198 sequences. Noteworthy is the fact that these miRNAs have a surprisingly large number of targets in common, eight of which are connected by the same transcription factors. 40 There is also a study showing that variations within the mir-433 target site of the gene FGF20 increases the risk of Parkinson's disease by increasing the levels of the protein a-synuclein. 28 Finally, polymorphisms in the precursor microRNA can affect the biogenesis and processing which will then result in altered control of gene expression. 68 All the examples described here are listed in Table 1 .
The identification of all the genetic and epigenetic differences that are the microRNAs and alternative splicing in phamacogenomics cause of phenotypic variations in patients is a major objective in pharmacogenomics. A database was recently created to catalogue all the SNPs in miRNA target sites and link these changes to complex traits and diseases. 69 This database was termed polymorphism in miRNA target site (PolymiRTS) and it integrates sequence of polymorphisms, phenotypes, gene expression profiles in several microarray data sets and characterizes the PolymiRTSs that are the potential candidates responsible for quantitative trait locus (QTL) effects. 69 The impact of this database and of other upcoming studies are of great importance for a better understanding on how SNPs and other genetic variations will affect the expression of protein-coding and noncoding genes in the genome by changing the miRNA regulatory network (Figure 1) . Furthermore, the knowledge from these studies will be of relevance to evaluate drug metabolism and tolerance in patients suffering from complex diseases.
Alternative splicing and proteome diversity
Alternative splicing of pre-mRNAs was proposed 30 years ago by the Nobel Prize winner Walter Gilbert as a way of generating different mRNAs from a single gene. 70 The chemical reaction of intron splicing and removal is regulated by the spliceosome, a heterogeneous complex comprised of RNAs and proteins. 71, 72 The biology of the splicing mechanism has been recently elucidated, and some important cofactors in the selection of cryptic splice sites have been described in normal and pathological states. 73 One example is the splicing factor SPF45 that was described with limited expression in normal tissue, but with a high expression in a many carcinomas associated with drug resistance. 74, 75 Alternative splicing was postulated as one of the main cellular mechanisms for proteome diversity generation. 76 Alternative splicing has also emerged as a key mechanism responsible for the expansion of the transcriptome and proteome complexity in humans and in other organisms. 77 Recently, several studies have shown how the alternative splicing process is controlled and how the expression of some splice variants might be associated with diseases. 78, 79 Many of these studies were performed using a bioinformatics approach, as the amount of available transcriptome and proteome data have been increasing exponentially. 80, 81 The proteome diversity generated by alternative splicing of pre-mRNAs varies from protein to protein. To date, the gene that is able to produce the greatest number of splice variants is the Down syndrome cell adhesion molecule (DSCAM) gene in Drosophila.
82 DSCAM can produce 38,016 putative splice forms using the combination of 4 clusters of mutually exclusive exons and the usage of 20 constitutive exons. 82 DSCAM splice variant proteins are responsible for axon guidance in brain development and are also expressed in specific olfactory receptor neuron cells in Drosophila. 83, 84 Databases designed to store and provide access to reliable annotations of the alternative splicing pattern of human genes and to the functional annotation of predicted splicing isoforms have been described by several groups. [85] [86] [87] Splice-site detection in full-length transcripts have been carried out in genome-wide analyses using specific bioinformatic algorithms, based on multiple alignments of gene-related transcripts to the genomic sequence. Alternative splicing databases will be able to provide resources for functional interpretation of splicing variants for the human and mouse genomes and also for detection of splicing isoforms associated to diseases.
Alternative splicing has become one of the most elegant and important mechanisms for proteome diversity generation. Growing evidence is also indicating that defects in the alternative splicing pathways and generation of wrong alternative variants is a common feature of complex diseases. 88 However, the implications of splice variants in gene networks and how they can affect the metabolism of drugs in patients remains to be explored.
Alternative splicing in drug resistance, activation and metabolism
Several lines of evidence have already suggested that protein diversity produced by alternative splicing might affect important genes in pathways related to prodrug activation and drug metabolism. Our understanding of how alternative splicing can act in drug resistance and on how it can affect the way patients metabolize drugs is still unexplored. Some examples of alternative splicing events with pharmacological relevance will be described in this section and listed in Table 2 . Our proposed model is depicted in Figure 2 .
One of the most important examples is the Philadelphia chromosome which is generated by a translocation between the human chromosomes 9 and 22, leading to the fusion of two genes: BCR and ABL. The BCR-ABL fused gene is constitutively active and there are important consequences to the cell: increase in cell proliferation and high rates of genomic instability. This chromosomal rearrangement is highly associated with chronic myelogenous leukemia (CML). 93 In acute lymphoblastic leukemia (ALL), around 15-30% of patients have malignant transformation related to the BCR-ABL fusion protein. 94 Patients with CML are commonly treated with Imatinib mesylate that, in turn, inhibits the activity of the BCR-ABL fusion protein. 95 Alternative splicing has been described as one of the possible reasons for drug resistance in some patients treated with Imatinib mesylate; 96 however, the majority of the cases of drug resistance have been described through the observation of SNPs in the kinase domain of BCR-ABL. The first observation of alternative splicing variants in the BCR-ABL fused gene and correlation with drug resistance was in 2006, and a mutation (L248V) in two CML patients with Imatinib mesylate resistance was described. 96 Sequence analysis was performed and it was found that this mutation produces two distinct mRNAs: one identical to the wild-type, differing only in one amino acid The leucine to valine change is located in the ATP binding site and may abrogate the kinase activity of the D248-274 splice variant protein. 96 Although the frequency of the alternative splicing variant D248-274 mRNA was low, the authors suggested a dominant-negative role for this splice variant. 96 Recently, another splice variant in the BCR-ABL fused gene was described in a cohort of 175 patients in which 3 presented imatinib-resistance, and a new splice variant was also detected. 108 In this case, the BCR-ABL isoform is produced by the usage of an alternative 35-nucleotide-long extra exon between exons 8 and 9. 108 This new exon interrupts the open reading frame of the BCR-ABL transcript and produces a truncated protein. In a similar way that was described before, 96 this splice variant has very low expression in 2 out of 3 patients. In both cases, protein production and/or activity will have to be better studied in order to understand the role of these splice variants and how they can affect the mechanism of imatinib resistance. Recently, the microRNA miR-203 was described as a regulator of the BCR-ABL gene in cancer but the connection with splicing isoforms and drug resistance remains to be determined. 109 Another example of a gene that can have splicing variants is the glucocorticoid receptor (GR, NR3C1) ( Figure  3a) . NR3C1 (also known as GR) is a transcription factor that binds to cortisol and other glucocorticoids and has two main alternative splice products: GRa and GRb. 110, 97 GRa is located in the cytoplasm and is translocated to the nucleus after binding to glucocorticoids, whereas GRb cannot bind to its ligands. 97 The GRb isoform has been associated with glucocorticoid resistance. 97 The expression rate of both GR isoforms has been studied and GRa is expressed up to 3000 times more than GRb. 111, 112 The role of GR in many diseases is still unknown, but some associations of the splice variant GRb have been suggested in asthma, 113 systemic lupus erythematosus, 98 Crohn's disease 100 and nasal polyposis 99 (for more details see Table 2 ).
A gene that also has splice variants and has been associated with many types of cancer is the epidermal growth factor receptor (EGFR). 114 Some studies have already shown that inhibiting the binding of EGFR to its ligands was associated with decreased cellular proliferation. 101, 102 The EGFR gene has several splice variants, 115 and one of the variants can produce a protein of 110 kDa that was termed soluble EGFR (sEGFR) or p110 sEGFR. 116 In metastatic breast cancer patients under letrozole adjuvant therapy, sEGFR showed decreased concentrations in 76% of the individuals and was also used as a biological marker. 116 However, the authors suggest that additional studies are needed to understand the role of p110 sEGFR in response to letrozole and the significance of EFGR as a cancer biomarker for metastatic breast cancer. The p110 sEGFR splice isoform is depicted in Figure 3b . In another study, a cohort of 57 women with metastatic breast cancer was analyzed for the EGFR splice variant and reduced sEGFR concentration was observed when compared to healthy individuals. 117 On the other hand, two studies trying to understand the role of sEGFR in metastatic breast cancer patients under trastuzumab therapy did not find any statistical significant correlation between the splice variant and drug metabolism. 118, 119 More studies are needed to understand the function and importance of EGFR receptor variants in drug metabolism and activation.
The cyclooxygenase gene family is represented in the human genome by two genes: PTGS1 (also known as COX-1) and PTGS2 (also known as COX-2). Cyclooxygenases (COXs) are key enzymes in prostaglandin biosynthesis. Abbreviations: NA, not analyzed; CYP, cytochrome P450; GR, glucocorticoid receptor; EGFR, epidermal growth factor receptor; COX-1, cyclooxygenase-1; PXR, pregnane Â receptor; CAR, constitutive androstane receptor.
microRNAs and alternative splicing in phamacogenomics
Both protein products are activated by acetylsalicylic acid (aspirin), acetaminophen (paracetamol) and celecoxib, among others drugs. Hence, the knowledge of splicing variants of the COX-1 and COX-2 transcripts is important in order to better understand how drugs are metabolized. The COX-1 gene has three splice variants already described. 120, 121, 104 The first splice variant identified was one that does not contain exons 1 and 2, and also has an alternative 5 0 end with which uses part of intron 2 and it was termed COX1-SV. As there is a protein frame shift after the translation of the mature mRNA, this spliced variant was thought to produce a truncated protein. The action of acetaminophen (paracetamol) in inhibiting the action of this isoform of the protein in humans has already been shown in some studies (for review see Hersh et al.
122
). The splice variants have also been associated with the coronary artery bypass grafting (CABG), which is the most common medical intervention to treat heart failure. Aspirin (acetylsalicylic acid) is extensively used to inhibit platelet formation in this type of intervention, but up to 60% of the patients show some degree of resistance to aspirin. 123, 124 In addition, it has been described that after CABG surgery there is an overexpression of the COX-2 gene, 125 and this could be the explanation for platelet formation in CABG patients. 126 In a study to elucidate the function of COX-2, an alternative spliced product was discovered, named COX-2a, and it was associated with CABG and platelet formation. Genetic variability in nuclear receptors can contribute to human variation at the magnitude of clinically significant drug-drug interactions. This is the case for the orphan nuclear receptors: pregnane Â receptor (PXR) and constitutive androstane receptor (CAR). 127 These receptors are sensors that mediate drug-induced changes by increasing transcription of genes that are involved in drug metabolism and clearance. 127 It was already described that genetic variants such as splicing isoforms of PXR and CAR can affect the pharmacokinetics and pharmacodynamics of docetaxel and doxorubicin in Asian patients. 106 A recent study also showed that the NOVA2 gene interacts with a cis-acting polymorphism to influence the proportions of drug-responsive splice variants of SCN1A. 106 The authors emphasize that genetic polymorphisms are important factors for modulation of the drug effect, illustrating alternative splicing as a potential therapeutic target and the importance of considering the activity of compounds at alternative splice isoforms in screening programs. 128 In that regard, variations in the production of an HMGCR splice isoform were connected to reduced statin sensitivity and associated with interindividual differences in the metabolism of this drug. 107 There are several examples in literature showing that splice variants of genes can change the way cells become resistant to drugs, as well as the way drugs are metabolized but this is probably just the tip of the iceberg. We are just starting to understand the impact of proteome diversity on the pharmacogenomics field. We propose a model in which alternative splicing is a player with big impact on pharmacogenomics. Figure 2 Alternative splicing of protein-coding genes and the impact on pharmacogenomics. In our current and simplistic view, genetic variations (such as single nucleotide polymorphisms, SNPs) can change the sequence of proteins and affect the expression of protein-coding genes that will be involved in drug metabolism. The proposed view suggests that alternative splicing is an important player in drug resistance, activation and metabolism. In this model, different isoforms produced from a specific protein can be responsible for different rates of drug metabolism and clearance. Red arrow indicates the alternative splicing event of exon 9 that produces the isoform GRb as described by Oakley et al. 112 (b) Gene structure of the EGFR gene. The alternative splicing of EGFR encoding sEGFR p110 is indicated with a red arrow as described by Reiter et al. 115 (c) Gene structure of the COX-1 gene. Red arrow indicates the splicing event of partial usage of exon 9 as previously described by Diaz et al. 120 (d) Gene structure of the COX-2 gene. Red arrow indicates the partial usage of exon 5 generating the COX-2a isoform as described by Censarek et al. 105 Boxes represent the alignment of exons with the human genome sequence. RefSeq mRNAs are represented in blue and known mRNAs are represented in black. The relationship between alternative splicing, the 3 0 UTR of protein-coding genes and how alternative splicing can affect the binding of microRNAs and change gene regulation in the cells is an unexplored field. It is already accepted that alternative splicing can generate transcripts with different 3 0 UTR and 5 0 UTR, 129 but the impact on gene regulation by microRNAs and how this will affect drug metabolism is unknown. One group was already able to show that retained introns in 3 0 UTR of genes can increase putative miRNA targets in human mRNAs. 130 More recently, a study has shown that shorter 3 0 -UTR isoforms can affect the regulation by microRNAs suggesting that alternative splicing can have a major effect in gene regulatory networks. 131 It was also shown that microRNAs such as miR-124 are able to change neuron fate by affecting brain-specific pre-mRNA alternative splicing. 132 In addition, a study has recently shown that miR-148 is able to regulate specific DNA methyltransferase (DNMT) protein isoforms, providing evidence that this type of mechanism might be involved in determining the relative abundance of different splice variants. 133 Thus, as microRNAs are able to regulate hundreds of effector genes in a multilevel regulatory mechanism that allow individual miRNAs to profoundly affect the gene expression program in the cells, 134 we propose that alternative splicing might affect microRNA regulation ( Figure 4 ). We also propose that changes in proteome diversity by both microRNA regulation and alternative splicing can affect the way drugs are metabolized by patients, and this will have major implications for both drug design and personalized medicine in the future.
Conclusions and future prospects miRNAs are noncoding RNAs that can regulate gene expression by WatsonCrick base pairing to target several mRNAs in a gene regulatory network. They are involved in several important biological and pathological processes. The binding of miRNAs to their target mRNAs is critical for regulating mRNA levels and therefore protein expression. It has also been shown that they can regulate the expression of longer non-coding RNAs. It is becoming clear that the binding of miRNAs to their targets can be affected by polymorphisms such as SNPs and genomic varia- Figure 4 The impact of alternative splicing events in microRNA regulation. As most microRNAs target the 3 0 UTR of mRNAs, if a gene has different isoforms or splice variants it can affect regulation by microRNAs. In this proposed model, several differences in drug metabolism could be explained, at least in part, by loss of microRNA control in shorter isoforms of mRNA targets. Other variations are also exemplified as potential players in pharmacogenomic differences.
microRNAs and alternative splicing in phamacogenomics F Passetti et al tions. Hence, polymorphisms in miRNAs represent a newly identified type of genetic variability that can influence the risk of certain human diseases and also influence how drugs can be activated and metabolized by patients. Depending on phenotypic differences in sequences coding for miRNAs, levels of cellular effectors such as enzymes and other proteins will be different and patients can have different pharmacokinetics and pharmacodynamics. Another layer of gene regulation that is still unexplored is alternative splicing in protein-coding genes. Depending on the splice variant of a specific enzyme related to drug metabolism, patients will respond better or worse to therapies. Several examples described here support the hypothesis that alternative splicing can modify drug resistance and metabolism suggesting that these events could be one of the factors impacting in interpatient variability in drug response. The final model that we propose here is that genetic variations in the sequence of miRNAs, target sites of miRNAs and alternative splicing will result in pharmacogenomic differences. As miRNAs and isoforms of the same protein will affect gene networks in the cells, changes in these mechanisms will be important in clinics. Personalized medicine must take all of these variations into account so we can administer the correct dosage of drugs and evaluate drug efficacy. We believe that a map of all variations in miRNAs and alternative variants of protein-coding genes should be generated. A lot of work is still needed to completely understand the consequences of variations in gene regulatory networks and pathways responsible for drug metabolism and resistance, but we believe that these new paradigms are clearly redefining the pharmacogenomics field. 
